Guiding Neutral Atoms with a Wire 
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We demonstrate guiding of cold neutral atoms along a current carrying wire. Atoms either move 
in Kepler-like orbits around the wire or are guided in a potential tube on the side of the wire which 
is created by applying an additional homogeneous bias field. These atom guides are very versatile 
and promising for applications in atom optics. 

PACS number(s): 03.75.Be, 39.10.+j, 32.80.Pj, 52.55.-s 

In atom optics Q it is usually desirable to separate 
atoms as far as possible from material objects in order to 
obtain pure and isolated quantum systems. With cooling 
and trapping techniques |j being well established, there 
is now an interest in bringing the atoms close to material 
macroscopic objects. The proximity of the atoms to the 
object allows the design of tailored and easily controllable 
potentials which can be used to build novel atom optical 
elements. 

In this letter we demonstrate two simple and versatile 
atom guides that are based on magnetic trapping poten- 
tials created by a thin current carrying wire: The 'Kepler 
guide' and the 'side guide'. In our experiments we study 
the transport of cold lithium atoms from a magnetic- 
optical trap in these guiding potentials. We were able 
to measure scaling properties and extract characteristic 
atomic velocity distributions for each guide. The 'side 
guide' is especially interesting because it can easily be 
miniaturized and combined with other guides to form 
mesoscopic atom optical networks. 

We start with discussing the interaction of a neutral 
atom and a current carrying wire and then describe our 
guiding experiments. 

Kepler guide: The magnetic field of a rectilinear cur- 
rent / is given by: 
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where is the circular unit vector in cylindrical coor- 
dinates. An atom with total spin S and magnetic mo- 
ment fl = gs/^B^ experiences the interaction potential 
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of S on B. In general the vector coupling jl • B results 
in a very complicated motion for the atom. However, in 
our experiments the Larmor precession (ool) of the mag- 
netic moment is much faster than the apparent change 
of direction of the magnetic field in the rest frame of the 
atom {(jOb) and an adiabatic approximation can be ap- 
plied, is then constant and the atom can be described 
as moving in a scalar 1/r potential. For jl "parallel" to 
B, {jH ' B > 0)^ the atom is in its high field seeking state^ 
and the interaction between the atom and the wire is 
attractive (see Fig. |l|). The atoms in this state can be 
trapped and move in Kepler-like orbits around the wire 



FIG. 1. Two configurations for guiding neutral atoms with 
a current carrying wire. The left graphs display the respective 
magnetic field configurations. The middle shows the corre- 
sponding guiding potentials and on the right hand side typical 
calculated trajectories of guided atoms are drawn, a) Guiding 
atoms in their high field seeking state, where atoms circle in 
Kepler orbits around the wire, b) Guiding atoms in their low 
field seeking state along a line of a magnetic field minimum. 
Atoms are guided on the side of the wire. 



Side guide: Combining the field of the current car- 
rying wire with a homogeneous magnetic bias field B^j 
perpendicular to the wire breaks the rotational symme- 
try resulting in unstable orbits for the strong field seek- 
ing atoms 0. In addition the bias field has the ef- 
fect of exactly canceling the circular magnetic field of 
the wire along a line parallel to the wire at a distance 

= (Mo/27r)(//5b). Around this line the magnetic field 
increases in all directions and forms a tube with a mag- 
netic field minimum in its center. Atoms in the low field 
seeking state {jH ■ B < 0) can be trapped in this tube and 
guided along the wire as shown in Fig. |l|b. 

Our experiments investigating the Kepler- and side 
guides are carried out in four steps: 

(a) First we load about 2 x 10^ lithium atoms into 
a magnetic optic trap (MOT) displaced typically 1 
mm from a 50 /im thick and 10 cm long tungsten wire. 
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FIG. 2. (color) Guiding of atoms along a current carrying 
wire. Pictures of the atomic clouds taken from above and 
from the side are shown, (left) Series of pictures illustrating 
the guiding of atoms along the current carrying wire in their 
strong field seeking state (Kepler guide). For times shorter 
than 15 ms the expanding cloud of untrapped atoms is also 
visible, (right) By adding a bias field atoms in the weak field 
seeking state are guided on the side of the wire (20 ms guiding 
time). Choosing different currents through the wire (here 0.5 
A and 1 A) the distance of the side trap from the wire can 
be controlled. The location of the wire is indicated with a 
orange line (dot). The pictures show a 2 cm long section of 
the wire that is illuminated by the trapping beams. 

The MOT is loaded at a distance to the wire in order to 
prevent trap losses due to atoms hitting the wire 

(b ) After loading the trap we shut off the slower beam 
and shift the atoms within 5 ms to the position where 
they are loaded into the atom guide. This shifting is done 
by applying an additional magnetic offset field and mov- 
ing the center of the magnetic quadrupole field, which 
defines the position of the MOT. Simultaneously the fre- 
quency and intensity of the trapping lasers are changed 
to control the size and temperature of the atom cloud 
(typically 1.6 mm diameter (FWHM) and T - 200 /iK 
which corresponds to a velocity of about 0.5 m/s). 

(c) We then release the atoms from the MOT by 
switching off the laser light, the MOT magnetic fields, 
and the shifting fields within 0.5 ms. At this point the 
current through the wire (typically 1 A) and, if desired, 
a bias magnetic field is switched on within 100 /is. From 
then on the atoms move in the tailored guiding potential. 
Starting from an initially well localized atom cloud the 
density distribution expands and changes shape accord- 
ing to the forces on the atoms. 

(d) After a given guiding/ trapping time, the spatial 
distribution of the atoms is measured by imaging the flu- 
orescence from optical molasses [|[ using a CCD camera. 
For this the guiding fields (current through the wire and 
bias field) are switched off and molasses laser beams are 
switched on for a short time (typically < 1 ms). Pictures 
are taken from above (looking in wire direction) and from 
the side (looking onto the wire from an orthogonal direc- 
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FIG. 3. (color) Radial atomic density distribution for the 
Kepler guide after 7.5 ms of interaction time, (left) measure- 
ment, (right) calculation. The upper graphs show the atomic 
distributions for a current of 1.2 A through the wire and with- 
out current (free expansion). The difference between the two 
distributions is shown below. The central peak is due to 2 di- 
mensional trapping of atoms in the guide. The orange shaded 
area, determined by fitting the sum of two Gaussians to the 
data, is a measure of the number of trapped atoms. 

tion). This allows to study both, the radial confinement 
and the guiding of the atoms along the wire. 

Typical pictures of atoms orbiting around the wire 
(Kepler guide) and being guided on the side of the current 
carrying wire (side guide) are shown in Fig. ||. The left 
set of graphs visually demonstrates loading and guiding 
of atoms with the Kepler guide: The atoms are released 
from the MOT at t = in the center of the wire. Some 
fraction of these atoms will be bound by the guiding po- 
tential, the rest forms an expanding cloud that quickly 
fades away within about 15 ms. The bound atoms are 
guided along the wire corresponding to their initial ve- 
locity component in this direction. Consequently a cylin- 
drical atomic cloud forms around the wire that expands 
along the wire. For long guiding times the bound atoms 
leave the field of view, and the fluorescence signal of the 
atoms decreases. The top view images show a round 
atom cloud that is centered on the wire suggesting that 
atoms circle around the wire. 

The graphs on the right hand side of Fig. ||show atoms 
that are bound to the side guide after 20 ms of guiding 
time. In the given examples two different currents (1 A 
and 0.5 A) were sent through the wire. The distance of 
the guide from the wire changes clearly with the current. 

The CCD pictures can be used for further analysis 
as illustrated in figure ^ for the Kepler guide. For this 
the CCD images are integrated yielding a projection of 
the density distribution of the atoms in a direction per- 
pendicular to the wire. Figure ||a shows two such dis- 
tributions: One corresponding to free expansion of the 
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FIG. 4. Detected fraction of the MOT-atoms that are 
bound to the Kepler guide: Atoms are only detected as long as 
they are located in the field of view of the GGD camera. The 
solid line results from a calculation where we take into account 
the finite size of the laser beam that is used to illuminate the 
atoms. The additional loss at higher interaction times is most 
likely due to uncompensated bias fields. 

atomic cloud with no current through the wire. This 
yields a Gaussian distribution which is typical for atoms 
released from a MOT. The other one, corresponding to 
atoms interacting with a current carrying wire, exhibits 
a pronounced peak centered around the wire which can 
be attributed to trapped atoms orbiting the wire. The 
peak sits on top of the broad distribution of non-trapped 
atoms. In order to extract only the effects of the magnetic 
guiding potential on the atomic cloud, the two curves are 
subtracted from each other (Fig. ||b). The peak of the 
trapped atoms now sits in a broader dip, which is caused 
by repulsion of atoms in low field seeking states from the 
wire and by the fact that atoms trapped around the wire 
are now missing from the expanding atomic cloud. Our 
experimental data agree well with numerical simulations 
of the atomic density distributions as shown in Fig. ||c,d. 

From fits to these experimental data we can extract 
quantitative information on the guiding of atoms. As 
an example Fig. ^ shows the number of detected atoms 
that are bound to the Kepler guide as a function of guid- 
ing time. The data is given as the fraction of the total 
number of atoms of the MOT. The observed number of 
guided atoms decreases with time mainly because the ex- 
panding atomic cloud leaves the detection region given by 
the 2 cm diameter laser beams. The solid line represents 
a corresponding calculation of how the atomic signal is 
expected to fall due to the free expansion of the atomic 
cloud along the wire and the falling under the influence 
of gravity. We attribute the additional loss observed in 
the experiment to magnetic stray fields that render the 
atomic orbits unstable, i.e. atoms will hit the wire and 
are lost. There will also be a small contribution to the 
losses because of a decrease in the wire current over time, 
caused by the increasing resistance due to ohmic heating 
of the wire. 
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FIG. 5. Position of guided atoms vs. the current through 
the wire for the side guide. Decreasing the current brings the 
trap closer to the wire and consequently makes it smaller and 
steeper. 

From Fig. || we can also extract the absolute loading 
efficiency for atoms from the MOT into the guide. In 
agreement with Monte Carlo calculations we find loading 
efficiencies in the range of 10 % for the Kepler guide. 

Using the same wire current, the loading of the side 
guide is less efficient (up to 4% loading efficiency), mainly 
due to the smaller depth and 'size' of the side guide po- 
tential. 

However, the side guide exhibits interesting scaling 
properties: Its trap depth is given by the magnitude of 
the bias field. With a fixed trap depth the trap size and 
its distance from the wire can be controlled by the cur- 
rent in the wire. The paradoxical situation arises that 
the trap gets smaller (size oc I / B^) and steeper (gradient 
(X Bl/I) for decreasing current in the wire. The small- 
est and steepest trap achievable with a fixed bias field is 
only limited by the requirement that it must be located 
outside the wire. A simple calculation shows for exam- 
ple that a trap with a gradient of over 1000 Gauss/cm 
can be achieved with a moderate current of 0.5 A and an 
offset field of 10 Gauss. The trap would be located 100 
/im away from the wire center. Figure || illustrates the 
linear scaling of r^, the distance of the side guide from 
the wire, as a function of the wire current (see also the 
right hand side of Fig. 

Other interesting information about the transverse 
confinement can be extracted by measuring the momen- 
tum distribution of the trapped atoms. This can be ac- 
complished by ballistic expansion after switching off the 
guiding potentials. After a few ms of expansion the spa- 
tial distribution well represents the velocity distribution 
of the atoms. Figure ^ shows the spatial atomic distri- 
bution 9 (7) ms after switching off the guides. A clear 
distinction can be seen between the two types of guides. 
Atoms in the Kepler guide, where atoms circle around 
the wire, expand in a ring (Fig. ^a), showing clearly that 
there are no zero-velocity atoms. This is because in or- 
der to be trapped in stable orbits around the wire the 



10 



B 
o 



Kepler guide 




side guide 




9 ms expansion 

- A A 

- /\ A 





/ \ 


Q 










-5 


5 


-5 


5 



Position [mm] 



Position [mm] 



FIG. 6. Atomic distribution after free expansion of 9(7) 
ms for atoms that have been guided along the wire. The 
two profiles that are shown are cuts through the center of the 
respective CCD images in the right upper corner. For the high 
field seeker trap (left) the expanded cloud is doughnut-shaped 
due to the orbital motion of the atoms around the wire. For 
guiding on the side (right) we obtain a standard Gaussian 
distribution. 



atoms need sufficient angular momentum and therefore 
velocity. Atoms with too little angular momentum hit 
the wire and are lost. The low field seeker atoms of the 
side guide, however, do not have this constraint. Their 
velocity distribution is a standard Gaussian (Fig. ^). 

In conclusion we presented two novel methods to build 
guides for cold atoms, by using potentials created by 
a current carrying wire: Guiding strong field seekers in 
Kepler-like orbits around a wire and guiding weak field 
seekers in a potential tube along the side of a wire. These 
atom guides represent promising techniques for future 
applications in atom optics, because of their simplicity 
and versatility. For example by combining different wires 
we can construct beam splitters jll|] , interferometers and 
more complex matter wave networks Achieving the 
ultra high vacuum (UHV) conditions required for coher- 
ent guiding is very simple, since the propagation of atoms 
is in the open and not in an enclosed space like for hollow 
optical fibers 

In addition side guides can be mounted on a surface, so 
that atoms are guided above the surface along the wires. 
This renders the wires more stable and at the same time 
allows for efficient cooling which enables also thin wires 
to support sizeable currents (see also Therefore 
we believe to have now a method for miniaturization and 
integration of many atom optical elements into one single 
quantum circuit in the near future, creating mesoscopic 
atom optics similar to mesoscopic quantum electronics. 
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